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We have studied a series of Pt/Co/M epitaxial trilayers, in which Co is sandwiched between Pt and a non
magnetic layer M (Pt, Ir, Cu, Al). Using polar magneto-optical Kerr microscopy, we show that the field-
induced domain wall speeds are strongly dependent on the nature of the top layer, they increase going from
M=Pt to lighter top metallic overlayers, and can reach several 100 m/s for Pt/Co/Al. The DW dynamics
is consistent with the presence of chiral Ne´el walls stabilized by interfacial Dzyaloshinskii-Moriya interaction
(DMI) whose strength increases going from Pt to Al top layers. This is explained by the presence of DMI
with opposite sign at the Pt/Co and Co/M interfaces, the latter increasing in strength going towards heavier
atoms, possibly due to the increasing spin-orbit interaction. This work shows that in non-centrosymmetric
trilayers the domain wall dynamics can be finely tuned by engineering the DMI strength, in view of efficient
devices for logic and spitronics applications.
Asymmetric magnetic stacks in which a thin magnetic
layer is sandwiched between two heavy metals or a heavy
metal and an oxide, hold promise for applications in the
field of spintronics or spinorbitronics. They can host chi-
ral domain walls1 and skyrmions2 that can be displaced
efficiently with fields or current pulses3–5, so that they
are envisaged as carriers of binary information in logic
devices and racetrack memories6. The essential ingredi-
ent necessary to stabilize such objects is a strong inter-
facial Dzyaloshinskii-Moriya interaction7,8, an antisym-
metric exchange energy term in competition with Heisen-
berg exchange that can lead to spiral magnetic structures
with a defined chirality.
In order to optimize materials for efficient transfer of
digital information, the DMI strength should be con-
trolled and possibly tuned. Nowadays, little is known
about the microscopic origins of such interfacial interac-
tion and how it changes as a function of the 3d or the
5d metal at 3d/5d interfaces. Some ab initio calculations
were performed to address quantitatively the DMI in sev-
eral HM/FM bilayer systems9–11 and models have been
proposed to explain the DMI variation for several 3d/5d
interfaces11,12. These calculations can guide the opti-
mization of materials with large DMI, although ab initio
calculations consider ideal interfaces, while experiments
concentrate on samples generally grown by magnetron
sputtering, where interfacial structure and quality influ-
ences the strength and even the sign of the DMI13. For
these reasons, it is rare that experimental findings match
the theoretical predictions.
The Pt/Co interface is the prototypical interface host-
ing a large DMI. Theoretical9,10,14 and experimental
studies15–18 agree on the fact that it is the source of
strong DMI favoring homochiral magnetic textures (chi-
ral Ne´el walls and skyrmions) with anticlockwise rotation
of the magnetic moments (left-handed chirality). Very
little is known about the DMI at interfaces where Co is
in contact with other heavy metals. Only the Pt/Co/Ir
stack has been largely studied, following the ab initio
calculations by Yang et al. that predicted opposite signs
for the DMI at Pt(111)/Co and Ir(111)/Co interfaces10.
However, experimental data do not allow concluding on
this matter. Moreau-Luchaire et al.19 reported high DMI
values for Pt/Co/Ir multilayers, that they attributed to
the same sign of the DMI at Pt/Co and Co/Ir inter-
faces. The work of Chen et al.20 and that of Hrabec
et al.21 also agree with the theoretical prediction. On
the other hand Kim et al.18 show the same sign of the
DMI in Pt/Co/AlOx and Ir/Co/AlOx trilayers, while
Han et al.22 found lower DMI for Pt/Co/Ir compared
to Pt/Co/AlOx and suggested that this might be due to
the opposite DMI signs at Pt/Co and Co/Ir interfaces. A
consensus is still missing on this matter and the contra-
dictory results may be due to the different morphology of
the interface between Co and heavy metal in the various
materials.
In this work we address the study of DMI in epi-
taxial layers with well defined (111) texture, like that
considered in the ab initio work of Ref.10. The DMI
of Pt/Co/M trilayers with different metallic overlayers
(M=Al, Cu, Ir, Pt) was studied through the measure-
ment of domain wall dynamics. We show that the DMI at
the Co/M interface has the same sign for all the studied
overlayers, with increasing strength as the atomic num-
ber increases. The domain wall speed in Co is strongly
dependent on the DMI strength, the largest speed being
obtained for Pt/Co/Al, the smallest for Pt/Co/Pt where
the DMI at the two Co interfaces compensate. This find-
ing may be useful for engineering samples with optimized
DMI for spintronic applications.
The Pt/Co/M (with M=Al, Cu, Ir, Pt) epitaxial
stacks were grown on commercial MgO(111) single crys-
tals. The morphology of the (111) surface was im-
proved by annealing at high temperature. After one
hour of heat treatment at 450◦C, 28 nm of Pt were
deposited by dc magnetron sputtering using 6x10−3
mbar Ar+ pressure and 20W magnetron power. The
layer thickness was calibrated by a quartz balance in-
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2FIG. 1. (a) Sketch of the sample growth process; (b) LEED
patterns obtained after the growth of the Pt underlayer; (c)
LEED pattern after the growth of the Co layer; (d) XRD
pattern of the Pt/Co/Pt trilayer.
stalled in the sputtering chamber. The surface qual-
ity was checked in-situ by LEED. The LEED patterns
acquired for MgO(111)/Pt indicate good surface qual-
ity with hexagonal reconstruction (Figure 1). The XRD
scans covering the region of the FCC Pt(111) crystal-
lographic peak clearly shows that only a single-phase
FCC with [111] orientation is present, with no other
structural domains coexisting. The ∼0.6nm-thick Co,
the 2nm-thick M layers and the 2nm-thick Pt capping
were grown in general at RT, in order to avoid inter-
mixing at the interfaces. The (111) texture is kept af-
ter the Co deposition (Figure 1). For some of the sam-
ples, the Co and M layers were grown at 100◦C. We also
compared Pt(28nm)/Ir(2nm)/Co(0.6nm)/Pt(2nm) and
Pt(30nm)/Co(0.6)/Ir(2nm)/Pt(2nm) samples to check
the influence of inversion of the structure on the DMI.
The magnetic properties were measured with VSM-
SQUID and magneto-optical Kerr effect. All the sam-
ples present perpendicular magnetic anisotropy (PMA)
with square hysteresis loops. The unit surface magneti-
zation Mst (t being the thickness of the Co layer) and
the in-plane saturation field µ0HK are reported in Table
1.
The domain wall dynamics was studied using wide field
magneto-optical Kerr microscopy. The DW velocity was
deduced from the expansion of bubble domains, driven
by out-of-plane magnetic field pulses Hz of strength up
to 600 mT, obtained with microcoils associated to pulsed
current generators.
The sign and the strength of the DMI for the Pt/Co/M
samples was extracted by studying the domain wall ex-
pansion driven by Hz pulses, in the presence of a con-
stant in-plane magnetic field Hx parallel to the DW
normal21,23–25. In systems with DMI and chiral Ne´el
walls, the DW propagation is anisotropic in the direc-
tion of Hx and the DW speed is larger for the domain
walls having magnetization parallel to Hx. This allows us
FIG. 2. (Top): Differential Kerr images showing the asym-
metric propagation of up/down and down/up DWs in the
direction of the Bx field in Pt/Co/Al, compared with the
isotropic propagation when Bx=0. (Bottom): Domain wall
speed vs. Bx for up/down and down/up DWs propagating in
the x-direction. The driving field is Bz=300mT.
to obtain without ambiguity the chirality of the domain
walls. The DMI strength can be obtained from the Hz-
driven DW speed vs. the intensity of Hx. In the presence
of DMI, the DW speed reaches a minimum when Hx com-
pensates the HDMI field that stabilizes the Ne´el walls.
From the value of this field we can then deduce the aver-
age DMI energy density D, since HDMI = D/(µ0Ms∆)
where ∆ =
√
A/K0, A is the exchange stiffness and K0
the effective anisotropy energy. The Hz field driving the
DWs was chosen to be beyond the depinning field, giving
rise to a reliable measurement of the DMI24,25.
Figures 2 and 3 present the differential Kerr images
showing the anisotropic expansion of bubble domains
driven by an Hz pulse in the presence of an Hx field,
measured for Pt/Co/Al, Pt/Co/Ir and Ir/Co/Pt stacks.
The same behaviour was found for Pt/Co/Cu trilayers,
as expected for systems with chiral Ne´el walls. On the
other hand, in Pt/Co/Pt stack the DW expansion is per-
fectly isotropic in the sample plane, as also found for
polycrystalline Pt/Co/Pt samples25. This is consistent
with the absence of inversion asymmetry, that leads to
negligible DMI and to the stabilization of achiral Bloch
walls.
Note that the down/up domain walls propagate with
larger velocity for positive Hx fields for Pt/Co/M with
M=Al, Cu, Ir but with smaller velocity for Ir/Co/Pt.
These measurements are consistent with the presence of
left handed chirality for the domain walls in Pt/Co/Al,
Pt/Co/Cu and Pt/Co/Ir, and an opposite, right-handed,
chirality for DWs in Ir/Co/Pt. This is expected using
symmetry arguments, as the layer sequence is inverted
with respect to the growth axis along which the symme-
try is broken.
Figures 2 and 3 also show that the speed of up/down
and down/up DWs measured vs. theHx intensity reaches
3TABLE I. Effective anisotropy field µ0HK , unit surface magnetization Mst, saturation domain wall speed vmax, DMI field
µ0HDMI , effective interface DMI energy density extracted from vmax (Ds
eff,v) and from the DMI field (Ds
eff,H), DMI energy
density at the Pt/Co interface (Ds
Pt/Co) and at the Co/M interface (Ds
Co/M ) for the Pt/Co/M stacks. Positive DMI values
in the table stand for left-handed DW chiralities.
Sample TCo µ0HK Mst vmax µ0HDMI Ds
eff,v Ds
eff,H Ds
Pt/Co Ds
Co/M
(◦C) (T) (mA) (m/s) (mT) (pJ/m) (pJ/m) (pJ/m) (pJ/m)
Pt/Co/Al RT 1.3±0.1 1.3±0.1 280±10 212±10 1.32±0.1 1.21±0.1 1.26±0.1 0
Pt/Co/Al 100 1.8 0.92 250 200 0.83 0.91 0.87 0
Pt/Co/Ir RT 1.4 0.75 80 96 0.22 0.30 1.26 -1.0
Pt/Co/Ir 100 1.3 1.0 115 125 0.40 0.55 0.87 -0.39
Ir/Co/Pt RT 0.6 0.9 200 106 -0.65 -0.65
Pt/Co/Cu 100 1.8 0.75 230 200 0.62 0.56 0.87 -0.27
Pt/Co/Pt 100 1.2 1.3 20 0.00 - - 0.87 -0.87
FIG. 3. (Top) Differential Kerr images showing the asym-
metric propagation of domain walls in Pt/Co/Ir (left) and
Ir/Co/Pt (right), with a driving field Bz around 290mT
and an in-plane field Bx around 100mT. (Bottom): speed
vs. Bx for up/down and down/up DWs propagating in the
x-direction. Note the opposite behaviour of up/down and
down/up DWs in the two samples, demonstrating the oppo-
site chirality of the DWs.
a minimum, for a field corresponding to the in-plane field
compensating HDMI . The strength of the interfacial
DMI strength Ds=Dt (in pJ/m) was obtained from the
expression of the DMI field given above, using the mea-
sured magnetic parameters and exchange stiffness A=16
pJ/m.
The DMI strengths obtained for the various samples
are shown in Table 1 together with the measured mag-
netic parameters. Data are shown for samples with Co
grown both at RT and at 100◦C. Let us first look at the
DMI values for Co grown at RT. The largest value of the
DMI is obtained for Pt/Co/Al (Ds
eff=1.2-1.3 pJ/m),
while it falls to Ds
eff=0.2-0.3 pJ/m for Pt/Co/Ir and
is vanishing for Pt/Co/Pt. If we consider that the two
Co interfaces are sufficiently apart so that they give
a distinct contribution to the DMI10, then Ds
eff =
Ds
Pt/Co/M =Ds
Pt/Co+Ds
Co/M . Since for all the sam-
ples the growth process was identical up to the Co layer,
we can assume that the DMI strength at the Pt/Co inter-
face does not change from one sample to another. These
results then indicate that the DMI decrease going from
Al to Ir and to Pt, is due to the consequent increase of
the contribution of the Co/M interface, its sign being op-
posite to that of the Pt/Co interface. Since Al has a low
atomic number and therefore a weak SOC, we suppose
that the DMI at the Co/Al interface is negligible and
that the DMI of the Pt/Co/Al trilayer is concentrated at
the Pt/Co interface. This is corroborated by our recent
measurements of a series of Pt/Co/AlOx samples with
variable oxygen concentration at the top Co interface26.
While the under-oxidized top interface, where Co is es-
sentially in contact with Al, does not contribute to the
DMI and to the PMA, a gradual increase of the DMI oc-
curs as the Al atoms are substituted by O. The value of
the interfacial DMI for the under-oxidized Pt/Co/AlOx
sample was found to be around 1.2 pJ/m in agreement
with the results reported here.
Using these arguments, our results suggest that the
small value of the DMI in the Pt/Co/Ir trilayer is
due to a large DMI contribution of the Co/Ir interface
(Ds
Co/Ir = -1 pJ/m), opposite to that of the Pt/Co in-
terface Ds
Pt/Co = 1.2-1.3 pJ/m). This is in agreement
with the results of Kim et al.18 who find the same DMI
sign at Pt/Co and Ir/Co interfaces in polycrystalline
HM/Co/AlOx (HM=Pt, Ir) trilayers. In their case the
DMI at the Ir/Co interface is a factor 3 smaller than that
of the Pt/Co interface: this may be attributed to the dif-
ferent details of the HM/Co interface morphology, which
can strongly influence the DMI. The better crystallinity
of our samples may explain the better ”compensation”
of the DMI at the two interfaces (larger DMI at Co/Ir),
which is realized perfectly in the case of Pt/Co/Pt.
Note that for Pt/Co/Al, the DMI decreases to
Ds
eff∼ 0.9 pJ/m when the Co layer is grown at 100◦C.
Since the Co/Al interface does not give rise to DMI, this
deterioration of the DMI is probably due to the slight
interdiffusion at the Pt/Co interface. A change occurs
also for the DMI of Pt/Co/Ir grown at high tempera-
ture, but in this case the effective DMI increases, as the
different modification of the DMI at the two interfaces
gives rise to a worse compensation. Assuming again that
4FIG. 4. (a) Domain wall speed vs. out-of-plane mag-
netic field, measured for Pt/Co/Pt, Pt/Co/Ir, Pt/Co/Cu and
Pt/Co/Al. Note the increasing saturation speed as the DMI
gets larger.
D
Pt/Co
s ∼ 0.9 pJ/m also in this trilayer, then the DMI at
the Co/Ir is shown to decrease to Ds
Co/Ir ∼ -0.4 pJ/m
when Co is grown at high temperature. These results
show that the morphology of the interface is as expected
an important parameter that can strongly influence the
strength of the DMI (see also13).
The Pt/Co/Cu sample has an intermediate behavior
between Pt/Co/Al and Pt/Co/Ir. For technical reasons
only the sample with Co grown at 100◦C could be mea-
sured, for which we found Ds
eff∼ 0.6 pJ/m. Using the
same assumption for the Pt/Co interface, we deduce that
D
Co/Cu
s ∼-0.3 pJ/m, that is smaller than the value ob-
tained for the Co/Ir interface grown at the same tem-
perature. Since Co and Cu are immiscible at 100◦C, we
do not expect a large variation of this value for a sample
with Co grown at RT.
The observed increase of the DMI at the Co/M inter-
face, with M going from Al to Cu to Ir and finally to
Pt may be related to the increasing atomic number and
therefore to the increasing SOC, which is known to be at
the origin of the DMI.
These results show that the DMI of these stacks can be
easily manipulated and controlled by varying the chem-
ical nature of the top layer. This can provide an inter-
esting step towards the realization of ad hoc materials
for spintronic devices, in which the DMI is an essential
parameter e.g. to stabilize magnetic skyrmions.
We also investigated the effect of the effective DMI
variation on the domain wall velocity vs. out-of-plane
field. This is shown in Figure 4. The DW dynam-
ics strongly depends on the chemical nature of the top
layer, the largest velocity obtained for Pt/Co/Al (max-
imum DMI) being a factor 10 larger than for Pt/Co/Pt
(vanishing DMI) in the same field range. This result is
related to the fact that in samples with DMI the sat-
uration DW velocity is linearly proportional to DS , as
vmax =
pi
2 γ
Ds
Mst
25,26. Table 1 shows the values of the in-
terfacial DMI found using this analytical expression and
the experimental vmax and unit surface magnetization
Mst. These values are in excellent agreement with those
found with the method used above.
In conclusion, we have shown that the DMI and, as a
consequence, the domain wall velocity in Pt/Co/M tri-
layers can be tuned by changing the chemical species of
the top metallic layer. This provides an interesting way
to tune the DMI of trilayer system in view of optimized
spintronics or logic devices.
In these epitaxial samples with strong (111) texture,
the DMI at the Co/M interface (with M=Al, Cu, Ir
and Pt) was found to have opposite sign to that of the
Pt/Co interface, and to increase in strength for heavier
atoms, probably because of the increasing SOC. Since
the effective DMI is the sum of the DMI at top and bot-
tom Co interfaces, its maximum strength (and maximum
DW speed) is obtained for Pt/Co/Al trilayers where the
Co/Al interface gives a negligible contribution to the
DMI. The microscopic reasons for the disagreement be-
tween these measurements and the results of ab initio
calculations are still to be revealed, but our results point
out the importance of the details of the interface struc-
ture and its effects on the electronic hybridization.
Preliminary data on Co/Ta and Co/W layers grown
on Pt(111) suggest a DMI lower and of opposite sign
of that of the Pt/Co interface, like for Co/Al, Co/Cu
and Co/Ir interfaces. These data suggest that among
the interfaces investigated to date, the Pt/Co is the one
providing the largest DMI. An efficient way to increase
the DMI of a complete trilayer, is to cover the Co layer
with an optimized concentration of oxygen26.
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